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Abstract. In this paper we demonstrate through calculations and theoretical analysis the first application of
a x-ray laser for probing hot, high-density plasmas (n, = 10Zcm™) using a Ni-like transient collisional
excitation x-ray laser as a probe. Theoretical predictions are used to diagnose the electron temperature in
short pulse (500 fs) laser produced plasmas. The threshold power of the x-ray probe is estimated by

comparing theoretical scattering levels with plasma thermal emission. The necessary spectral resolution of
the instrument sufficient for resolving electron temperature is given.

There has been much progress recently reported on laser-driven soft x-ray laser systems
capable of producing megawatts of stimulated emission in the range of 100A - 200A from Ni-like
collisional excitation schemes [1-4]. This opens the door to many exciting opportunities for many
applications including microscopy [5], x-radiography [6], and for use in probing high-density
plasmas [7,8] with lower energy x-ray laser pump sources. Longer wavelength lasers are typically
employed for many plasma diagnostic applications such as interferometry, Thomson scattering (TS)
and Faraday rotation, but are limited to lower densities, typically in the range 10%° — 10*' ¢cm™® for
visible-UV light. X-ray lasers therefore offer the exciting possibility of probing orders of magnitude
higher densities than previously reached.

Thomson scattering from stable density fluctuations is a powerful diagnostic used to measure
local plasma parameters, distribution functions and transport processes [9]. In laser produced plasmas
TS has become a standard technique for studying enhanced fluctuations and related instabilities [10].
In this paper we demonstrate through calculations and theoretical analysis the first application of an
existing x-ray laser for probing high-density plasmas. We find necessary conditions for the probe
intensity, spectral resolution of the spectrometer and sensitivity of the scattered x-ray detection system
for the measurement of electron temperature in short pulse laser-produced plasmas. Hard x-ray from
laser produced plasmas has been used [11] and proposed [12] for the diagnostic of dense warm
matter.

We first discuss the general application of TS as a probe of hot [13] dense plasmas. The goal
of this discussion is to demonstrate the feasibility of such a measurement with an existing x-ray laser
[2] as well as to illustrate several general issues related to the applications of TS as plasma diagnostic
at high particle densities. TS of the x-ray laser beam allow a direct insight into a dynamical electron
density correlation function. The novelty of our study is in the examination of this function for plasma
conditions previously inaccessible to TS experiments.

Consider a geometry of the measurement where 6 is the angle between the direction of the
probe propagation, along k, and the direction of the scattered light detection, parallel to k,. The angle
0 defines the k-vector in a plasma, k =1k, -k, | [k = 2k, sin(6/2)], of the spectral component of an
electron density correlation function contributing to the TS cross-section. The probed k-vector and
parameter a=1/k A,, define two regimes of the incoherent TS: collective for a>1, where the cross-
section is dominated by electrostatic plasma mode resonance and single particle for ¢ <1, where
single particle distribution function defines form of the electron density correlation's.

The range of plasma parameters in the planned experiment (7, = 50eV, n, >10% cm™) and the
wavelength of the Thomson probe (A = 147 A) lead to values of o larger than one (a>1) for all
scattering angles 6, thus allowing us to limit the discussion to a case of the collective TS. We will



examine in details the low frequency part of the TS cross-section, which is dominated by ion-acoustic
wave resonance. From the position of two maxima separated by two ion acoustic frequencies one can
accurately deduce electron plasma temperature.

Our ability to extract spectral properties of an electron density dynamical correlation function,
such as for example the location of an ion-acoustic resonance, requires the large degree of spatial and
temporal coherence of the probe. The x-ray laser [2] produces a beam, which is characterized by the

coherence lengths on the order of 220 um in the longitudinal direction and approximately 10 jm in
the transverse direction. Both values are much longer than correlation lengths of ion acoustic
fluctuations produced in the plasma. :

Finally, laboratory plasmas at high densities display temporal and spatial variations. Related
inhomogeneities of plasma parameters should be included into theoretical expressions for the TS
cross-section together with the effect of a finite spectrometer resolution. Physical properties of the
incoherent TS, discussed so far can be described by the following expression [14] for the Thomson
scattered power, P,, per solid angle, AQ, the spectral width, AA, and the scattering volume, V:
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where [, is the x-ray probe in'tensity, whose coherence within the scattering volume, V, has been

assumed in the derivation of this expression. The function G(A) describes spectral response function
of the instrument. G(A) has been convoluted with the spatially averaged dynamical form factor
S(k,w), i.e. Fourier transformed electron density correlation function. The derivation of Eq. (1) has
taken into account a specific geometry of the planned experiment, where the gradients of temperature
and electron density are along the x-direction, which is also Thomson probe propagation direction.
2L is the linear dimension of the scattering volume. The spatial scales of plasma parameter variations
are much longer than characteristic correlation lengths, allowing separation of scales and local
calculations of the dynamical form factor.

The standard expression for the dynamical form factor can be derived from the collisionless
theory of plasma fluctuations [15]
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where f*(v=w/k), a=e,i, is the particle distribution function integrated with respect to velocity
components which are transverse to the direction of k. The distribution functions are evaluated at the
resonance velocity w/k. The dielectric response function, e(k,w)=1+ z x%(k,w), is calculated
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using the usual collisionless forms of plasma susceptibility functions x* [15]. Important
generalization of the expression for S(k,®) (2) in inhomogeneous plasmas corresponds to the
evaluation of (2) locally at different positions using the local Maxwellian distribution function [14].

High electron density allows examination of the plasma response under conditions, which
have been inaccessible in the past to the TS experiments. For example, conditions of a planned
experiment (T, =50eV,n, 210” cm™, =20") lead to kA, ~0.11, where A, is the electron-ion
mean-free-path. For this value of the wave-vector k, the dynamical form factor S(k,®) must be
derived from the kinetic theory including weak collisional effects. [16].

In view of the limited power output of the x-ray laser we first apply the TS cross-section
expression (1) in threshold calculations, where by comparison with plasma thermal emission levels
we find the necessary intensity of the x-ray probe, I,. For this threshold value of 7, Thomson
scattered signal equals to bremsstrahlung emission. We use the following expression for the power
due to thermal emission P, per solid angle, AQ, the spectral width, AA, and the unit volume in the
plasma [17]:
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where E; is an averaged Gaunt factor close to one for the present plasma parameters. Results of

threshold calculations are displayed in Fig. 1, showing several intensity curves on the plane of
electron density and temperature. The relevant range of plasma parameters must be located above the
threshold intensity curve.
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Figure 1: The electron density vs temperature plane. The curves show threshold values of the

Thomson probe at A =147 A necessary to overcome thermal emission levels at the wavelength of
the probe. Lines marked by L, define the collisional absorption length of the x-ray radiation.
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Figure 2: (a) Thomson scattered power calculated from Eq. (1) at different moments in time. The
spectral density is averaged in space with the different density and temperature profiles shown in
Fig. 2. (b) Time averaged Thomson scattered power convoluted with the instrumental width.

In the planned experiment a x-ray probe is scattered from the high-density plasma produced by
subpicosecond laser pulses. Such plasmas are routinely generated within a table top size experimental
set-up, providing a unique realization of close to solid density conditions.

We proceed by performing simulations of the laser absorption and hydrodynamics using the

code LASNEX [18]. The target consists of a 0.22 um aluminum foil heated by the 500 fs laser pulse

of 1J energy focussed to the intensity of 10'* W/cm? in the spot of approximately 100 pm diameter.
The simulation continues over several picoseconds, including the time of short pulse laser and x-ray
probe duration. The latter is delayed with respect to plasma forming pulse and lasts for approximately

5 ps. The x-ray laser follows the 1 um laser pulse along the same direction with approximately the
same spot cross-sectional area in the target. This geometry has been used in the derivation of the
Thomson scattered x-ray power (1).



We now calculate the x-ray laser Thomson scattered spectrum, and discuss the necessary
instrumental resolution and sensitivity required for the measurement of electron temperature. Results
of hydrodynamic simulations have been applied in the calculations of the spectral density of the
scattered power (1). Using the local expression for the dynamical form factor S(k,®) we have found
spatially averaged profiles of the TS cross-sections at different moments in time and displayed them
in Fig. 3a. Early time scattering is characterized by the wide separation of ion-acoustic maxima due to
larger temperature, but smaller scattering levels. At these early times, before the foil explosion, the
effective scattering volume is smaller, reducing the overall scattered power. Figure 3b shows an
averaged in time spectral density of the scattered power, which also includes an effect of the function
G(A) (1), Gaussian for simplicity, describing the instrumental broadening. The plot displayed in

Fig. 3b involves an assumption of the instrumental resolution of A, =AA/A=10", a Gaussian

profile with a 14.7 mA (FWHM). This result shows that with a resolution of 10" , the two ion-
acoustic peaks may be differentiated and thus the electron temperature determined.

In addition to the requirements of high resolving power, the instrumental sensitivity which
includes the efficiencies of collection and signal conversion must be sufficient to overcome detector
background levels. For the plasma conditions described in Fig. 3 (b), the Thomson scattered x-ray

laser power is ~4.4 x 10° W/sphere/A. In order to obtain the high resolving power and narrow
spectral coverage required to make these measurements, we consider employing a multilayer-coated
grating spectrometer operating at close to normal incidence [19]. Estimates of instrumental sensitivity
show that approximately 70 photons are detected within an instrumental resolution channel when the
solid angle collection and reflectivity of a large cylindrical optic, entrance slit transmission, multilayer
grating reflectivity and typical back-thinned CCD quantum efficiency are included. We find that
intensities near I =10"?W/cm” are required to probe these simulated plasmas, close to the current
operating regime of the Ni-like transient x-ray laser system (I=2x10'' W/cm?). We believe that by
further optimizing the x-ray laser and target geometry, the required threshold intensities may be
achieved.
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